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Design for Low Beam Loss in Accelerators for Intense Neutron Source Applications

Robert A, Jameson
Accelerator Technology Division

Los Alarnos Nationaf Laboratory, h Alarnos, NM 87545

Absfract

Control of beam loss in intense ion linacs involves ktzpirrg

beam spill below parts in 10-5-10-8/m by preventing toml
beam size from extending to the limiting apem.rrcs. Starting
from good mrs design practices, new analysis of the machine
architecture is described in terms of the effects of the machine
tune with space-charg~, free-energy constraint, and halo-
producing mechanisms It is shown that halos are produced
by the time- (or position-) varying nature. of common linac
aspects (such as misalignmcm, mismatchirig, acceleration, and
construction techniques) through collective core/si~gle-
particle interaction dynamics plus resonances.

1. INTRODUCTION

High-intensity neutron sources can provide solutions to
society’s requirements for defense and commm-eiid radioactive
actinide and fission-product waste disposal and generation of
electric power without a long-term waste stream [1-2], a
pulsed neutron research facility [3], production of tntium and
other special materials [4], conversion of plutonium, and the
development of advanced materials [5]. These neutron
sources arc driven by la-ge linear acce]em[ors, with 30-300
mA proton current at energies of 1-2 GcV and 10-100% duty
factors for the applications in [1AI], and rnodufes of up to 250
lnA cw dcutcron current at 40 McV for the materials
dcvclopmcnt program.

These accclcr~tors would have. u;) trr a fcw hundred
megawatts of bcanr power, a large far;or above the -I MW
capitbili(y prcscrrtly available at LAMPF. However, the
power cxtriipolatiorr is not fundamentally difficult; a f~tor of
+ would he rca!izcd if LAMPF ran cw and all the rf buckets
win-e frllcd. The major challcngc is to keep residual activation
of the Iinoc by striry bcitm loss low enough tlmt remote
mar]ipultiior mirintcruuwc is not required; i.c,, avcmgc Ios.ses
should not cxceal prcscnl LAMPF Icvcls, tmnslatirrg to o rule-
of-thumb of <1 nA/C#cV/m. Dealing wibl more particles per
bunch is the mum thallcngc of the cxtmpolation. Most of the
propt)scd configurations require within 2-3 limes more
pirrliclcs pcr t)unch, with the maximum s~cnilrio at 4-5.
Acceleration of j)ciik currcrrts of these m:lgnimrfcs has bccrr
ii~lli~v~d, but auainmclit of the required low II)SS n)~st }X
(t;ll\OI1.$lrillCd

Typwal]y, in rl’ill Iinacs m(t in mullipurticlc simulations of’
lhrm, :t high-inlcr’sity t)cam wili (Icvclop u (Ii ffusc outer

“11:11()” tll;ll (’ilIl Colltilil) :1S 11)11(’11IL’i a fC\V pcr~.cnt of thC hcam
Cllrlrlll. If thl!+ Ilill[) Cxlcl](ls toIIICInm radiu~, pnrticlcs wiil
l)C Wralwd oft’. ‘1’hrrc is plCWlllly 110[lllQlyliCill guidance U)
lt[-rfo(li)iil]~~ :)1 SUChlow lCVCIS, aIld the physics in IIK
sIIIIIIl:lt I(m I(M)Is is also not iiccumlc cll~wgh. Ihcsrnt design
j)ril(’lic”C [ 351 coll~’cntr:ll(’s on colltrulling the llansvcrsc Imd
loll~iludimll rm.f IW;MIIsil.(.s in Wirys I!lill illsurc IllilXilllUll)

“:ljwrlulc fiwt(ws” (or Silf( sl:ly-rlcur r;lti(}s (d l~wr l(krrrlt-
Iw:iil)udius ui)d nccclcralil~~: -hll(+kCt[()-t m.$ l~iltli lvIIgilI)
wi[hin Viiti(}tls ~OI]$t~lilol\,” Rcfcrcncc (l(:sIgII w{)lk fo[ tll~ IN.W

applications avoids abrupt transitions such as those that cause
“hot spots” at LAMPF, and achieves rms aperture factors from
2-3 times Iargcr than the LAMPF design. Ncw designs,
including an anticipated error budget, are checked by
simulation with up to a few hundred thousand particles, and is
judged satisfacto~ if no par+.iclesare observed to hit the bore.

The simulations do show growth of the fwal beam size.
‘I%e intent of this paper is to discuss mfmts of total hewn size,
the control of which is the true goal of loss minimi?aiion.

11. ARCHIT!37URE OF PRESENT DESIGNS

Two dominant features characterize the essentials of a
typical RFQ accelerating section, a DTL, or a long couplcd-
cavity Iiigh-beta ion linac (CCL). Typically drc accelerating
gmdicnt is held constant, because of rf power cost or sparking
constraints. This results in rather smafl longitudinal focusing
that decreases with energy, so the longitudinal zero-current
phase advance per period decreases. The longitudinirl tune
depression from the beam space-charge then stays about
constant with energy, typically -0.4, a vahrc at which the
space-charge and emit~ce have approximately cqmd effect.
There is phase dampirrg with acmlcralion rind the bum mls
phw width shrinks, rcsulling in a Iwgcr rms longitudinal
aperture factor [6].

Sirong tritnsvclsc focusing is relatively Ciisy to obti~in,
With constant trmsvcrw foeusing pcr unit Icng[h, the external
focusing effect incrcascs with crlcrgy as the. spticc -churgc
forces weaken, Thc rms beam sim shrinks, incrcming the rms
transverse np’rtllrc factor. The tmnsvmsc tune depression,
which may IN w[mg (-0.4) al low energy, ripidly wc~kcns.

In terms of the plasma period of the beam, the 1-2 GcV
Iinac is long .- -of orda 100 pliLSIIlil Wriods.

The cmit[ancc and aperture faclor behirvior reflect the
architecture, as shown in Fiy. I for a typical 140 m,j, 2(} 1Sot)
McV proton Iiniic. [n this typicid simulation, the error.free
Iinac is smoothly vtirying mrd the input bciirn is Q
ma~hematica[, CIC~n.C(Jgrd di~trihuli(m injcclc(i (m-axis irn(l

mwmatchcd.
I%C lunC IrJjcctorics xrc plol(r?d (Ml }{oflllilllll’ S t) CilIll

instability ch:wt [7], l~ig. 2, I() check whether hc ot)w.rvcd
growth CilIl lx explained in Ibis way. ‘1’IIC1o11 ,ll(lil)ill/ll-;lllS-
verse rn]s cl[)i(tancc ratio s[ilys III -.2. AI ’20 McV, IIIC

tri~jcctorics ilrC initiolly below the 41h-CvCn mode lhrmhohls
and il ral)id cquilihrir[i(m {)ccurs in l/4 plasma ~rcru~l (-I -2
tanks). ‘IIc ~)iissii~(. ttlrou~h the 3r(i-()(1(1 region is fast,
wilhou[ cvidcnl cflrct (m (I1c rms cmiltnncc, :IIILI Ihcri IIIC

trilnsvcrsc tllllc is illM)VC thC Ihrcsbokls. S0 Ihc Iowcror(lcr”
I [ofm:mn nNM!csdo m)l cxl)la;n Ihc growth. I:li[llrc work IIMy
he til)lc U) inw)kr the higher (}l(lcr III(MICS US01) ~~~]lil]];llio[),

perhaps in conjumlion” wilh IIIC hak) physic’s II) hc i)IcscIIIc(i
in Sm’tion Ill,

II is L Icar flom l:ifl. 2 Ihal IiIf’ lrilIISVCIS(’/lo llgilll(llllill

energy halanc’c (or pmlilionill~) is not CJIII:Il (hrI)II@ IIIOSI I)f
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Fig” 1.a. Emittancc growth in a typical CCL.

‘~~ 1

—-. — ---
rrms radq 1 I

~~~—~
1200 1600MeV

Fig” 1.b. Apc;t~rc fwxom% a typical KL,

the Iinac [8,9] and thus free energy is avoihhlc M cm bc
convrxtcd via nrmlincar prrrccsscsto size/cmit(mrcc growth. A
major phusc of present rcwarvh now in progress is to modify
[11(’machine tune .s0 thrt various dcffrccs of c(plipiMtitioning
Ciui bc stu(lic J. I) CCOUW.tfrc n~hitcmrrc economics” spccificd
Ihc Iongitudirlill lUIIC, cquipmtilioning mcirns n (l(YrCil\C in the
trmsvcrsc f(rcusing wi[h crlcrgy. Growth in rrns beam silt
(pcrhnps a f’uctor of 34) will occur nh)ng the m:whinc, hut if’
Mtrd bcmn size growth is rc(hrccd, on ovcrnll irnprovcrncnl
rnuy r-csult. “Il)is work requires n self-cunsis(cnt simuh~ti(m
code [X,9], which is bcinK updntcd ‘llICSC future smdics of
bcnm involved mnr+inc nmcs nitty result in U hybrid tune.,
wilh bcttcf crwrgy buhuwc rrt low cnrrgics where spucc-cimrgc
is nmc dornirlillll, nnd strorrgcr focusing at higher cncrgics.

[Jsin~ 11)(:rrns matching quulions nnd Ihc C(lltil)[lrliliollinfi

rcIirliOmship, scnlirqt nrld optuniz.nlion” cqu:lli{)ns for lhc
npcrturc fnc[ors cnn h forrrlulnlc(l 161. I Inforturwtcly, they
tire hifthl y coupled ml rwnlincnr and thus arc nol w)l vnhlc
rxucpl under spc(:inl circumslar~ccs, surh ns cons[nnl
c({lli~xlrtitiollirlg ratios+ III lhut cn.sc, the nperlurc fnclors nrc
nlwnys htrgcr n( lower Irruitmm’y. in othrr I.:1.ses,~)ptimum
frm{ucru.ics urc cvi(lrwcd m num(’lical Slll(lics, nru! s(ml)c very
slr{)ng 1(’lnliorlshil)s nrc indiculcd, such 0s 111:1[Ihc mcximurn
npcrturc IilC”lorulwliys trccurs Ill an Illnlt)sl clml:lt~t lurk
dcpmsi(m. S(mw IISIKXIS of IIICW kcr rwl lcl:~ti(mships hnvc
been (fls(ovrl(”d, hut Ihclr Iulstc forms r(”iu:tin r-lusivr.
i:imliu~ III(SSCkcrl~lls WIIIII(I fwl}l RIrNIly III illlll(’rst:ll~(lll)g ifw
sl;}li~l~ JMI(l {q)lIIII nlI~ul of I{IW lW:IIII lt~~$ dcsi~rls, a) tfw
.sc;uch lxmlinllc”s$
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Fig. 2. ~~1. tune m~ctorics on I Iofmwm mstabili[ y ch:m,
Ty~~icd 140 mA, 20-1500 McV (’(l, (hhck twro\vs), tmd
cquipnrtilioncd turrc (white mows).

111. PIIYS1(:S OF IIA1.O [3EAMS

llrwcnling hulo fornia[i(m a priori is Ihc Point-of-v icw of
lhc rrxwrch lhrusts of’ this pnpcr, Wc know tflw this mcrrns
krxpillg nonfincnri[ics srrmfl in both iflc external ficfd.s rnf in
Ihc bwun spncrxhnrgc, keeping the fwnrn WCII rnatchcd, \vcll
rrligncd, rmd mrcrgy bnlnnmf, m much ns pcmihlc wii})in the
mnny c(Nlstrnin(s. The kmcr rnnkc it hnr(f: for cxnrnvlc, slrict
c(~llil):lrtilior]irl~ is (flfficult 10 m’hicvc prnclwn]ly, csiwciully
wilfl ltrc nl.wl to (“hnngc accr’lcrnhrr structmc nn(! IJSCn higher
h;mnonic rf ut highu ?Imgy. Thus wc (f(j hnvc [{) S4’archf(w
[tie mccflanisms cuusing fmlo f’(wrrtrrli(mm! how they nl feet
nlh~wnhlc Crrx)rbudgets.

The lt~wcI {wdcr 1It)fmnnn inslnf~iliiy rnfdcs did not
cxlhin the rc!;ulls in this cmc, ( )thcr aruliysc.s [ 10-1 2] hnvc
rrl:mf ruml incnr fkhf cucrg y nnd diffusion 10 [1.r,ympk)(i( rm,v
~rowlfl ([rem crrorx of cncrKy irnb:~lnluc, miwliklmlcn[, rrns
rrlisnlnlf ’h, ontl Input ifistrihuli[m nlism[ltch) in lr~lltsi~,,[
sy.slcrrls, hut Iht,sc me not cmy h) ripply It) nn n~.cclcr:lhjf, nlitf
nfl ()! Ihcw Ilicllunk (Irwl in Jl nliwrorfllvl on IIIC lwIutI hIIIKh

lhnl (hres not rcvcnl whnt rc;dly hn~qwus It) piuliclcx lluIl mny

I(NIII n hnlo. II hl(l loll~ I)CCI1 01) ’+CIVL’(1 Iliiil I)illli( lC’\
tu i~irullly in N wcil shclllllc(f Irn’w;l((IIC lx~ljl(l hhv n~qwiuill 11
lullo, mr:lnirl~ (h;t( slflwl:mliul rwmgy hnd [(I h n(qttilcd by
tf]al pnrtiulc, INII Ifw uwt’hwlim wiIs r~{~tkn~,~wll. ‘l”hcIc were



rrwny questions -– are halos generam.d continuously; wil!
they reappear if scra~d; why do different error conditions
produce different halo effects?

Substantial new insight has been obtained by looking at
derailed single-particle behavior in computer experiments
[13]. The key mechanism is very simple, and lhe
phcnomenology is elucidated in the experiments described
below. Development of the corresponding theory and
analytical relation to machine tolerances is now required, and
should proceed rapidIy. As indicated schematically in Fig. 3,

Particle in core

Partlde wtth betatron oscillation

core hAsallgnmmt Coro ckrnstty fluctuation

Fig. 3. Schemmic of collective cordsingle-particle halo-
producing mechanism.

the collective interaction of single piitrticlcs with the beam
core, when a density change in the core or a relative motion
between the particle and d~ccore occurs within an appropriate
lime, is a major halo-producing mrxhmrism. I..argc encfgy
tmnsfcrs can occur in a single iotmaction; e.g., a pruticle with
inil id bctalr(m motion cm he slowed, stopped, rcvcrscd, or be
irccclcmtcd by a “slingshot” cffcd mdogous 10 a spacecraft
passing a Mxiy in spncc. A pw-ticlc initially at Icst inside the
core can rcceivc u strong push from u r)~iirby density
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fluctuation. The accelerator is an essentially periodic system,
so core fluctuations that are excited will oscillate periodically,
and when a single-particle tune moves into r~sonance with the
core oscillation, resonant interactions result in large orbits.
Thus can particles move from the center of the core into the
outer halo, The resonances tend to self-limit as the particle
tune changes when its orbit changes. The coreh.inglc-particle
interactions give a unifying insight into the halo-forming
contributions of mismatching, misalignment, energy
unbalance, alternating-gradient focusing, constant-beta linac
sections, bunching, acceleration and other causes of beam core
fluctuation. Some of the features of the mcc!tanism arE briefly
summarized in the following.

The time-varying dynamics were first understood by
observing the behavior of an initially round, continuous, zcro-
emittance, strongly mismatched, 3-cr Ciaussian beam launched
into a linear continuous radial fucusing channel. Fig, 4 shows
its evolution. (When x or y change sign, the sign of r is
reversed, and r’ adjusted, to aid the eye.) At z/wp = 0,375
plasma periods, some particles arc still at rest near the origin.
l%cn the outm tail sweeps through the origin, causing a load
density anomaly there that repels nearby particles, and also
slows or speds up particles in chc tail. This can be observed
at ztwp = 0.5 and subsequently. Repeated interactions of this
type result in folding of segments into a beam core
(7Jwp=3.875), from which new tail segments begin to emerge,
By 7Jwp = 9.”750, the ncw tail exkmk almost as far as the
original Llil, TIc result of an abrupt scraping of the hafo al
zjwp = 50 Cai) now be easily anticipated by considcrirrg the
mechanism as dcscribcd ttbovc — a suxmg central density
oscillation is still prc.sent, so halo continues m form,

Fig, 5 shows tk ccntriil density fluctui~ti(m induced by
Immching a warm (initial tune dcprcssiorr -0,4) rnismtitchcd
Gaussian beam, and the ~r’ rudius of the six particles (from a
se! of IOK) thtit bird the Iarwcst rr’ ridii at Am = lo. “Ilc
shnrp dip in rr’ indicfitcs ti piI&gc thrwlgh the c&e, and it
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will be noted that the Dcak in rr’ followinrz each of these
interactions wilh the cor~ is larger (if the interaction occumed
when the central density was rising), or smaller (if the cemrai
density was falling). There is a resonant buildup during fhe
first 5 interactions, with a change in single-particle tune that
causes a slip to the fa!lirrg density phase, resulting in loss of
energy and chmgc of’ tune back into resonant growth again at
the end.
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00 2 4 7]19T 6 8 10

Fig. 5, Wrurn n~ismtitchcd &xdm in radia[ channel

Sl:,tion:lry rjistril~lltions can be frmrncd [ 14] for k lirnc-

indepcudcnt continuous radial focusing systcm using
func[itms of the single-particle Hamiltoniarr (including spacc-
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charge). The bun radius and fccusing strength are chosen,
giving the !u.,c depression. In r-r’ phase space, the
distribution has a squarish shape that sharpens with more tune
depression (Fig. 6a.) An initial distribution with tune shift
afao = 0.4 was scraped with an elliptical rr’ filter after 5
plasma periods (Eg. 6.b.). This excited a central density
oscillation, and the maximum beam radius grew back larger
titan the initial value @ig. 6.c.). As expected, the largest
radius particlm were driven asdescribed above.

The stationary U/OO = 0.4 distribution was given an inilitil
mismatch of 1.5 in radius. After 20 plasma periods, rms
emittance had grown only 2-3%, the maximum r-rns radius
remained unchanged, but the maximum radius grew by a
factor of -2.4 (times the matched radius - includes all the
mismatch) via a strong resonant interaction on the rising side
of the central density &rnng the period from 8-14 z/wp.

With an initial 50% beam radius misalignment (in x) of the
@s. = 0.4 Hamiltonian distribution, the rms emittancc

oscillated to a peak of -15% growth, damping to 3-4% at 10
z/wp, Thc maximum radius grew about 5% beyond the shift
introduced by the misalignmcnL only a small o.scilhuion was
excited in the central density over this distance. There was
about 20% damping of the x-ccntroid oscillation, with giOWth

in the y-centroid motion, The reason for the small total
growth is that thcw is no resonant effect because of the wide
scparition Mwcen the particle tunes (near 0,4) and the
undcpresscd betatron motion of t-hebcarn ccntroid. We would
then expect more disturbrrncc to a beam with less tune
depression, and this was indeed the r,ase. A 50% X-

mi.stdignmcnt of a cr/uO = 0,83 distribution resulted in 12L70
rms cmittanrx growth over the lllst 6 z/wp. The mrximum
beam ridius grew 20% beyond the misalignment shift (or to
1,8 times, including the misalignment, the radius of the on-
axis bcarn). The x-ccntrnid oscilltition (Fig. 7] Limped id)ou[
a factor of 10, with excitation of a ccntril density oscilhrtion
during the strongest part of the ccntroid oscillation damping,
thut tlrcn continued IN roughly constant amplimfc and a
Ircqucncy slighdy higher th:u~ that nf the dccuying ccntmid
oscilhilion. t:ig. 7 also shows the rr’ radius of the particle thirt
was Iargcst al zJwp = If). achicvcd by rcsorurting with (}IC 60
~N)sititJrl-~~~ill;ltion[Jf lhc rising edge of Uhs(x,,lean) duriog lhc

first 6 z./wp. From 6-15 z/wp, the par(iclc’s rr’ mdius
dccrcuscs as it irucl acts with tic ncfmixturc of ccntroid and
ccntrul density oscilltilions. From 15-20 ljwp, [tic ccntroid
oscillation is small rrnd the pfilticic moves OU[ uNain in
rcsonnnce with (IIC rising cdgc of the ccntrui dcnsily
0s4’illation. “Ilis cvitlcnt-c [lull misaligllmcnl cffccls arc worse
for a beam wilt} smell Iurw dciwcssi(m is nnt)lhcr fcus{)rl to
cxihrc dlc c(i(lii~:lrtitit)w’tl tune of I:ig, 7.

I;ncrgy rqliiiilmlli(m vin cqllii)[ifiitit~tlillg Wil’i dcl;l(msll:llu!

by injccling nn unl):llonl’c(f hewn usiug Ihc xx’ disu ibulitm
f’rtml u rr/OO ~ () I, nml yy’ frtml a O!OO = ().tfl dl$lrilw~i(m, iti

10 l/wi), lhC rrns muillxlwc ~rt~wth wilt Aul]pir}g (ml at -’1 ,R’%1,
hut IIm nl:lxilllum r:ldius grt}wlh wns 01)0111 2f% and still

~rt)wing IIIIIIIJS[ Iinc:uly. A s[itmg (clllrol tl( ,IIy (),wiil:l[i()n

was cxc’ilrd, wilh :m iiwrc:lse in Ill:lxilllulli f:, ‘IIIS I)n every IISC

ill CClllIili dmwiiy,
“l”tic(A) cull Imm hing sccl I{m {)! n hiyh , IIrrrnl l{l:(.) wn~

;11so!dll~llcd I i 11 Ill lhi\ sr~’ll(m, Ihr Iw:un is ill Irljc(ti{m
cncr~y nml cmxmnlcrs n \lc;itlily Iiiillg INIII(IIIIIK vOII; INV, ‘IIIc

fo~lnit~K I)urilh t)]i~kC\ n IIIIIC (lc~)(v)(k’1)1 (kiisily (Ilslltl)u[ioll



.,

A few (order 0.2%) particles were anomalously repel!cd strongly correlated with
kmgitudinafly far from the bunch point, in some cases into the transverse XX’YY’ origin.
next bucket. It was found thm fhese extraordinary orbiL~ were

very CIOSC encot.tnwrs with [hc
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Fig. 7. Hfimihoniw! CY/Uo=0.ff3 distribution misaligned 50% of beam rddius in x.

IV. SUMMARY

Belter knowlciigc of how hnlos wc actually formed gives
specific ratioruslc for modeling descriptions of total beam
behavior, dcvclopmcm of space-charge hrnc arehitccturc, and
scaling/optimization procedures. In future work, it is of
intcrcsl to explore the f’eahtrcs (c. g,, the rclotivc growth of
core vs. halo, limiting bchtivior, nddition of mulliplc errors) of
coch type of pcrturb;~tion, plus others such us alternating
gr:idicni focusing, constant-beta sections of ttccclcrator cells,
and griidcd-beta uccclcmliorr - all sources of time-dcpcndcm
hchtivior. Thcm arc many priictic:d [L$pccL~, C.g., tune striitcgy
rcgtirding nlisali~nmcnl, {ictcrnlintition of a(ti’qCiitC upcrturc
fficiors, and error tolcrimccs, th[~t need to M. worked out. P.
(“hmncll hirs begun lhcorcticd modeling of (1IC cnrc/sin@c-
p:wticlc intcrdctiorts, and R. Gluckstcm hw$skcichcd u rnodcl
for [hc rcsonmwc cn)ssing with self-limitin~ bchuvior. Wc
mIJsl tic these togcltlcr, dcscrihc [hc tune sprmtd of bans
i]n(l~r various twmfitions, !md rc!ntc LIW !LJUCspread ~11the
voritms rcsonitnccs and nullltwr of purticlcs that will IX
~?(.;”N. Wc hope 10 usc (his nr!w insi@t into lhc actual tm;o
grt)wlh mcthulism I(I nccxmlplish mwrt)-m(hlcling of thr 101:11
Iw:lm silt.
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